Abstract: The objective of this experiment was to determine if lactational performance and energy partitioning by dairy cows would differ in response to dietary corn grain (CG) types [steam-flaked corn (SFC) vs. high-moisture corn (HMC)] and slow-release urea (SRU) supplementation. Eight multiparous Holstein cows (32 ± 8.2 d in milk) were used in a duplicated 4 × 4 Latin square design with a 2 × 2 factorial arrangement to test four dietary treatments: SFC without SRU, SFC with SRU, HMC without SRU, and HMC with SRU. Supplementation of SRU tended to increase intakes of dry matter (DM) or increased crude protein (CP) intake under SFC, but no effect under HMC, leading to CG × SRU interactions on DM and CP intakes. Neither type of CG nor SRU supplementation affected milk production. The HMC fed at 14.3% DM allowed cows to partition more net energy into body weight (BW) compared with those fed SFC diets, whereas supplementing SRU tended to decrease the portion of net energy partitioned into BW gain under both SFC and HMC diets. These collective results demonstrate that feeding HMC with SRU can be a practical option in high-forage lactation diets to maintain or improve nutrient and energy utilization efficiency.
Introduction
Forages are the major component of diets for lactating dairy cows, which provide energy and nutrients, and forage fiber is important for healthy cows, stimulating rumination and saliva production that aids in ruminal digestion and fermentation. Despite their multiple benefits to the cow, forages are not always efficiently utilized. For example, productive performance may be limited by excessive rumen degradable protein (RDP) from alfalfa, reduced availability of degradable starch, or a combination of both (Dhiman and Satter 1997) . In addition, excessive physically effective neutral detergent fiber (NDF) can reduce dry matter intake (DMI) of dairy cows, as a concentration of the physically effective NDF increases, the DMI decreases due to rumen fill (Zebeli et al. 2008) . To increase energy availability to the cow, and therefore, optimize nutrient utilization, highly digestible carbohydrates are commonly included when feeding high-forage diets. Highmoisture corn (HMC) has consistently greater starch digestion in the rumen (Knowlton et al. 1998) , the small intestine (Knowlton et al. 1998) , and the total tract (Wilkerson et al. 1997; Knowlton et al. 1998; Firkins et al. 2001 ) compared with dry (Wilkerson et al. 1997; Knowlton et al. 1998; Firkins et al. 2001 ) and (or) steamflaked corn (SFC; Firkins et al. 2001) . Eun et al. (2014) found that feeding HMC in high-forage diets increased NDF and crude protein (CP) digestibilities (61.7% vs. 57.3% and 69.1% vs. 65.5%, respectively), microbial protein synthesis, and feed and N utilization efficiencies with a decrease in DMI relative to SFC.
In addition, it is important to synchronize the availability of nutrients in the rumen for maximum nutrient utilization in lactation diets. Otherwise, excess feed N is deaminated and excreted as urea in urine and milk, whereas undigested rumen undegradable protein (RUP) and metabolic N (sloughed intestinal cells and hindgut fermentation products) are excreted in the feces (VandeHaar and St-Pierre 2006) . Thus, it is important to maintain microbial protein synthesis with the lowest dietary CP input to meet the metabolizable protein requirements of the cows to support milk production and optimize N utilization efficiency (Agle et al. 2010) . In addition to soybean meal and canola meal, very common protein supplements, slow-release urea (SRU) has been used in lactation rations to provide adequate supply of ruminal ammonia (Inostroza et al. 2010; Neal et al. 2014) . Ruminal ammonia-N (NH 3 -N) concentration of 5.0 mg 100 mL −1 , derived from in vitro continuous culture experiments by Satter and Slyter (1974) , is often accepted as the concentration required to support maximal growth of ruminal microorganisms. In a recent study , replacing soybean meal and canola meal with SRU increased feed and N utilization efficiencies [1.35 to 1.46 kg milk kg dietary CP, respectively] when feeding high-forage diets (24.5% alfalfa hay and 30.4% corn silage) to lactating cows. Hence, SRU has a potential to improve nutrient utilization and lactational performance when supplemented in lactation diets consisting of a relatively great concentration of alfalfa hay. The objective of this study was to investigate the effects of feeding different dietary corn grain (CG) types (SFC vs. HMC) on lactational performance and energy partitioning by dairy cows and to test if the types of CG would interact with SRU on energy utilization. We hypothesized that supplementing SRU under HMC-based diet would enhance ruminal fermentation and animal productivity by lactating dairy cows fed high-forage rations.
Materials and Methods
The dairy cows used in this study were cared for according to the Live Animal Use in Research Guidelines of the Institutional Animal Care and Use Committee at Utah State University (Logan, UT, USA). The study was conducted at the Caine Dairy Research Center (Wellsville, UT, USA), Utah State University from September to November 2014.
Cows, experimental design, and diets
Eight multiparious (3.8 ± 1.04) lactating Holstein cows were used during this trial. Four of the cows were surgically fitted with a rumen cannula. Cows began the experiment averaging 32 ± 8.2 days in milk (DIM; mean ± SD) and average body weight (BW) was 682 ± 68.2 (mean ± SD) and 709 ± 66.6 kg (mean ± SD) at the beginning and the end of the experiment, respectively.
The experiment was performed in a double 4 × 4 Latin square design with four 21 d periods (14 d of treatment adaptation and 7 d of data collection and sampling). Within each square, cows were randomly assigned to a sequence of four dietary treatments with a 2 × 2 factorial arrangement: SFC without SRU diet (SFC − SRU); SFC with SRU diet (SFC + SRU); HMC without SRU diet (HMC − SRU), and HMC with SRU diet (HMC + SRU; Table 1 ).
Whole CG (black layer with moisture concentration of 28.7%; Pioneer 3730; Pioneer Hi-bred International, Inc., Johnston, IA, USA) was processed with a mobile roller mill (model number ATG3600B, Automatic Equipment Manufacturing Co., Pender, NE, USA) which resulted in a mean particle size of 1017 μm. The ground HMC was ensiled in a 2.4 m × 9.0 m bag (Ag-Bag International, Blair, NE, USA). The SFC grain used in this study was supplied by Cache Commodities (Ogden, UT, USA). Briefly, corn was steam-flaked in a 300 kg vertical stainless steel chamber at 100-110°C for about 50 min. Moisture in the chamber was raised to 18%-19%. The corn was then passed through a prewarmed roller mill (50 cm × 75 cm) to produce a flake of 0.35 kg L −1 of density. The flake was bagged in plastic bags and sealed. Average thickness of the SFC was 2.0 mm, and its bulk density was averaged at 0.35 kg L −1 . A commercial SRU product (Optigen®, Alltech Inc., Nicholasville, KY, USA) was supplemented at 0.46% and 0.45% DM in the SFC + SRU and the HMC + SRU, respectively, for cows to consume approximately 127 g d −1 . Optigen®, a blended, controlled release urea product in a polyester polyurethane coating, allows the diffusion of the urea through micropores that slow down the rate of nitrogen release in the rumen (Galo et al. 2003) . The dietary concentration of the SRU was chosen based on a previous lactation study . Slowrelease urea has a CP concentration of 256%, which has 11% less N than urea due to the vegetable oil coating of SRU. Cows were housed individually in tie stalls fitted with rubber mattresses covered with straw, allowing free access to water. Cows were individually fed twice daily for ad libitum intake at a level of 110% expected daily intake with 70% of allotted feed fed at 0600 and 30% fed at 1500. Feed offered and refused was recorded daily, and samples taken during the sampling week to determine DMI.
Cows were milked twice daily at 0400 and 1600, and milk production was recorded throughout the entire experiment. Milk was sampled for two consecutive days (day 15 and day 16) during the a.m. and p.m. milkings each period. Individual milk samples were analyzed by the Rocky Mountain DHIA Laboratory (Providence, UT, USA) for fat, TP, lactose, and milk urea nitrogen (MUN). Milk composition was expressed on weighted milk yield of a. m. and p.m. samples. Milk fat and protein yields were calculated by multiplying milk yield from the respective day by fat and TP concentration of the milk from an individual cow. To convert milk TP to milk N, 6.38 was used as the conversion factor (DePeters and Cant 1992), and total milk N (kg d −1 ) was calculated as milk TP 6.38
where milk TP and MUN were expressed as kg d
.
Energy partitioning calculations
Energy partitioning was determined during treatment periods using data of milk yield, milk composition, and cow BW. Cows were weighed for two consecutive days after the a.m. milking and before the a.m. feeding at the beginning and end of each period. Net energy required for maintenance was calculated as BW 0.75 × 0.08 (NRC 2001 .
Feed sampling and analysis
Samples of alfalfa hay and corn silage were taken weekly to determine DM, and diets were adjusted accordingly for change in DM concentration. Samples were composited by month, ground to pass a 1 mm screen (standard model 4; Arthur H. Thomas Co., Swedesboro, NJ, USA), and stored for chemical analysis. Samples of total mixed ration (TMR) and orts were collected from individual cows on day 15 to day 21, composited, dried at 60°C for 48 h, and ground as previously described. The DM concentrations of samples were used to calculate intakes of DM and nutrients.
Analytical DM concentration of samples was determined by oven drying overnight at 105°C, and organic matter (OM) was determined by incineration at 550°C for 4 h [Association of Official Analytical Chemists (AOAC) 2000; method 942.05]. Concentration of CP was determined using an automated N combustion analyzer (Elementar Analysensysteme GmbH, Hanau, Germany; AOAC 2000; method 968.06). Concentrations of NDF and ADF were sequentially determined using a fiber analyzer (200/220, ANKOM Technology, Macedon, NY, USA) according to the methodology supplied by the company, which is based on the methods described by Van Soest et al. (1991) . Sodium sulfite was used in the procedure for NDF determination and pretreated with heat-stable amylase (Type XI-A from Bacillus subtilis; Sigma-Aldrich Corporation, St. Louis, MO, USA). Ether extract was measured using a fat analyzer (XT20, ANKOM Technology; AOAC 2000; method 2003.05). In addition, samples of CG (SFC and HMC) and TMR were analyzed for starch by the Dairyland Laboratories, Inc. (Arcadia, WI, USA) according to Knudsen (1997) .
Ruminal fermentation characteristics
Ruminal pH was measured continuously from the cannulated cows starting on day 18 for two consecutive days using indwelling pH meters. The Lethbridge Research Centre Ruminal pH Measurement System (LRCpH; Dascor, Escondido, CA, USA) as described by Penner et al. (2006) was used. Meters were placed in the rumen taking a pH measurement every 30 s, which was stored by the data logger. The LRCpH was removed from the rumen after 48 h of continuous pH measurements and washed in 39°C water. The daily ruminal pH data were averaged for each minute and summarized as minimum, mean, and maximum pH. In addition, when ruminal pH was less than 5.8, daily episodes, duration (h d −1 ), and area (pH × min) were calculated. The threshold of 5.8 was chosen, because it has been previously described by others (Beauchemin and Yang 2005) to cause ruminal acidosis.
Ruminal contents were sampled from cannulated cows at 0, 3, and 6 h after the a.m. feeding on day 18 and day 19. Approximately 1 L of ruminal contents was obtained from different locations within the rumen (anterior dorsal, anterior ventral, medial ventral, posterior dorsal, and posterior ventral) and strained through a polyester screen (pore size 355 μm; B & SH Thompson, Ville Mont-Royal, QC, Canada). Five millilitres of the filtered ruminal fluid were added to 1 mL of 1% sulfuric acid, and samples were retained for NH 3 -N determination. Concentration of NH 3 -N in the ruminal contents was measured as described by Rhine et al. (1998) . Another 5 mL of filtered ruminal fluid was added to 1 mL of 25% meta-phosphoric acid, and the samples were retained for volatile fatty acid (VFA) determination. The VFA were quantified using a gas chromatograph (model 5890, Hewlett-Packard Laboratory, Palo Alto, CA, USA) with a capillary column (30 m × 0.32 mm i.d., 1 μm phase thickness, Zebron ZB-FAAP, Phenomenex, Torrance, CA, USA) and flame-ionization detection. The oven temperature was 170°C held for 4 min, which was then increased by 5°C min −1 to 185°C, and then by 3°C min −1 to 220°C, and held at this temperature for 1 min.
The injector temperature was 225°C, the detector temperature was 250°C, and the carrier gas was helium (Holt et al. 2013 ).
Statistical analysis
All data were analyzed as a 4 × 4 replicated Latin square with a factorial arrangement of treatments using the Proc Mixed procedure of SAS (2013) (version 9.4). Data for lactational performance were analyzed using a model shown below.
where Y ijklmn is the dependent variable, μ is the overall mean, CG i is the effect of type of CG i (i = 1 to 2), SRU j is the effect of SRU supplementation j (j = 1 to 2), (CG i × SRU j ) is the effect of the interaction of CG i and SRU supplementation j, S k is the effect of square k (k = 1 to 2), P l is the effect of period l (l = 1 to 4), D m (P l ) is the effect of day m (m = 1 to 7) nested within period l, C n (S k ) is the effect of cow n (n = 1 to 4) nested within square k, and ε ijklmn is the residual error, assumed to be normally distributed. In the model, days in period were analyzed as a repeated measure. Data on energy partitioning variables were analyzed using a model including fixed effects of CG, SRU, period, and interactions among CG, SRU, and period, and square, period within square, and cow within square were included as random effects. In addition, ruminal fermentation data were summarized by day and analyzed using a model that included fixed effects of CG, SRU, period, and their interactions.
Period and cow were random effects. For each variable analyzed, five covariance structures (compound symmetry, heterogeneous compound symmetry, autoregressive order 1, heterogeneous autoregressive order 1, and unstructured covariance) were evaluated. The covariance structure that resulted in the lowest values for the Akaike information criterion and the Schwartz Bayesian criterion was used (Littell et al. 1998) . Kenward-Roger's option was used to calculate the denominator degrees of freedom. Residual errors were used to test main effects and interactions. Differences were considered significant at P ≤ 0.05, and trends towards significance were considered at 0.05 < P ≤ 0.10. When the interaction between type of CG and SRU in the diet was P < 0.10, Bonferroni-adjusted P values were used to assess the effects of SRU within type of CG. Results are reported as least squares means.
Results and Discussion
Intake, milk production, and feed efficiency A tendency for an interaction (P = 0.06) between CG and SRU indicated that SRU increased DMI when fed with SFC but not when fed with HMC. Different than in a previous study ) HMC did not decrease DMI. Because of the negative impacts of feeding HMC in high-forage diets we further reduced the dietary inclusion of HMC to 14.4% in this study. As the effects of CG × SRU interaction were detected on intakes of DM, OM, and CP, feeding HMC did not actually result in intake depression in the current study, but it was caused due to increases on the intakes with supplementing SRU under SFC. The increase in intakes due to SRU in SFC but not in HMC was unexpected, as we previously observed decreased DMI due to SRU supplementation in a high-forage diet with 21% SFC (DM; Neal et al. 2014) . The mechanism whereby supplementing SRU increased the intakes is difficult to explain. It is known that urea can be fed to lactating dairy cows up to a concentration of 1.0% DM of the total ration without negative effects on DMI (Kertz 2010) . In this study, SRU was included at a rate of 0.46% DM in the SFC + SRU. Considerable controversy exists whether feed intake is affected by supplementing SRU in dairy diets. For example, Galo et al. (2003) reported no effect of supplementing SRU in lactation diets containing 16% and 18% CP on DMI. In contrast, Neal et al. (2014) reported decreased intakes of CP and NDF when SRU was supplemented in a high-forage lactation diet. In addition, Golombeski et al. (2006) found a decrease in DMI when SRU was added in a TMR containing ground CG and highly fermentable sugar. In this study, when SRU replaced soybean meal and canola meal mixture, increased dietary concentrations of highly fermentable feeds (soyhulls and beet pulp) were used to balance the required DM, which may have increased intakes of DM and CP under SFC, but this effect would have disappeared under HMC because of its improved ruminal fermentability.
Neither type of CG nor SRU supplementation affected milk production. Cows fed HMC-based diets tended to decrease energy-corrected milk (ECM) yield (P = 0.08) compared with those fed SFC-based diets (Table 2) mainly because of lower TP concentration in HMC as milk fat concentration and yield were similar across dietary treatments. Supplementing SRU increased milk TP concentration under SFC but decreased under HMC, resulting in a CG × SRU interaction. Yield of milk TP tended to decrease (P = 0.06) because of feeding HMC. The overall results in milk production in response to feeding HMC agree with the ones reported by Eun et al. (2014) where the authors did not find any effect of feeding HMC on milk yield and composition. Decreases in milk TP concentration and yield due to feeding HMC coincide with reduced CP intake. In addition, the CG × SRU interaction for milk TP may also be attributed to reduced CP intake. Akay et al. (2004) reported a decrease in milk protein concentration likely due to a dilution effect with an increase in milk yield of 3.7 kg d −1 , resulting in an increased milk protein yield when a similar SRU product to the one tested in this study was supplemented in diets containing 41.5% forage and 58.5% concentrate on a DM basis. Neal et al. (2014) did not find any differences in milk composition when the same SRU product was supplemented in a similar high-forage diet tested in this study. Inclusion of HMC in the diet tended (P = 0.08) to increase dairy efficiency (milk yield DMI −1 ) over SFC (2.05 vs. 1.83; Table 2 ), but when the efficiency was expressed based on 3.5% fat-corrected milk (FCM) and ECM yields, no differences between HMC and SFC were observed. The dairy efficiency values are consistent with the ones reported by Spurlock et al. (2012) with the values greater than 1.80 for the first 150 DIM. The greater milk yield-based dairy efficiency values for HMC diets can be attributed to a decrease in DMI, as milk yield was unchanged. Improved feed digestion is one of the Note: DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; FCM, 3.5% fat-corrected milk; ECM, energy-corrected milk; DMI, dry matter intake; SEM, pooled standard error of mean. Means in the same row within CG and SRU subgroups with different lowercase letters differ based on Bonferroni-adjusted P values (P < 0.05).
a SFC − SRU = steam-flaked corn (SFC) without slow-release urea (SRU) diet; SFC + SRU = SFC with SRU diet; HMC − SRU = high-moisture corn (HMC) without SRU diet; and HMC + SRU = HMC with SRU diet. b CG = type of corn grain in the diet (SFC vs. HMC); SRU = supplementation of SRU (−SRU vs. +SRU); and INT = interaction between CG and SRU. most important factors affecting dairy efficiency. In fact, Eun et al. (2014) reported similar trends of dairy efficiency that were explained by increased NDF digestibility when feeding HMC-containing diets. However, supplementing SRU did not influence dairy efficiency in this study. Giallongo et al. (2015) also reported no difference in dairy efficiency when SRU replaced 70% of soybypass protein used in the diet. In contrast, Neal et al. (2014) reported greater dairy efficiencies when a SRUsupplemented diet was compared with a soybean mealand canola meal-based control diet. In Neal et al. (2014) , a reduction of DMI but an increase in milk yield due to SRU supplementation led to the improved dairy efficiencies.
BW change and net energy partitioning
All diets resulted in positive BW gain during the course of the trial with the exception of the SFC + SRU (Table 3) . Cows fed HMC gained more BW than those fed SFC diets, whereas supplementing SRU tended to reduce BW gain regardless of type of CG (P = 0.07). The BW responses due to CG and SRU were mirrored directly in net energy calculations; feeding HMC diets caused increased net energy values for BW gain, whereas SRU supplementation resulted in a tendency to decrease net energy use for BW gain (P = 0.09). Net energy used for milk tended to decrease (P = 0.08) by cows fed HMC diets compared with those fed SFC diets. In contrast, combined values of BW gain and milk as well as total net energy values (maintenance + BW gain + milk) tended to increase (P = 0.10) in HMC diets, but these tended to decrease due to SRU supplementation (P = 0.10). Net energy partitioned into maintenance was similar across dietary treatments. Cows fed HMC diets shifted more net energy into BW compared with those fed SFC diets, whereas supplementing SRU tended to decrease (P = 0.10) the proportion of net energy used for BW gain in both SFC and HMC diets. Feeding HMC diets resulted in a lesser proportion of net energy channeled into milk compared with SFC diets, but the combined proportion of net energy partitioned into BW and milk did not differ across diets.
The shift in net energy utilization and the decreased DMI due to feeding HMC diets observed in this study suggests that HMC diets had an advantage in the amount of net energy that was partitioned toward body tissue during early to mid-lactation with a slight reduction in milk energy. Knowlton et al. (1998) showed that feeding HMC increased starch digestion in lactation diets compared with dry corn, and the increased starch digestion Note: BW, body weight; DMI, dry matter intake; SEM, pooled standard of error mean. a SFC − SRU = steam-flaked corn (SFC) without slow-release urea (SRU) diet; SFC + SRU = SFC with SRU diet; HMC − SRU = high-moisture corn (HMC) without SRU diet; and HMC + SRU = HMC with SRU diet. ) / DMI. resulted in increased BW gain of cows fed HMC compared with those fed dry corn (51.5 vs. 22.1 kg, respectively) without any effect on milk production. Energy utilization is affected by several variables; Taylor and Allen (2005) stated that the capacity of the mammary gland to use nutrients for milk is influenced by hormone secretion and clearance, insulin resistance of tissues, and nutrient demands of various tissues, which are all influenced by the stage of lactation and milk production. Oba and Allen (2003) reported that HMC-fed cows gained more BW than those fed ground corn. Boerman et al. (2015) and McCarthy et al. (2015) reported that insulin was found to be an integral part of feed intake regulation and energy partitioning in the body. Therefore, enhanced ruminal starch fermentation by feeding HMC may have activated the insulin response which affects net energy partitioning by lactating dairy cows (Bradford and Allen 2007) .
It is noteworthy that the calculated NE l values of the diets were greater than those estimated by NRC (2001) for cows fed at 3.0 times net energy maintenance intake (Tables 1 and 3) . Robinson (2007) reported the lack of a relationship between the deviations of the actually calculated vs. predicted NE l concentration of 92 diets reported in the literature. In this study, increased NE l in HMC diets was used to support BW gain, but not for milk production. However, the increased NE l values associated with feeding HMC may have contributed to improved dairy efficiency. On the other hand, increased DMI due to SRU supplementation was not translated into any benefit on BW gain and net energy partitioning. Therefore, SRU-supplemented diets in this study may have resulted in reduced DM and nutrient digestibilities and consequently increased mobilization of body tissue to support potential milk production, leading to a reduction in energy utilization efficiency reflected by decreased total net energy. Nevertheless, caution should be exercised to extrapolate overall data of BW and net energy utilization in this study due to the short length of data collection and relatively small number of experimental animals (n = 8) and, therefore, further investigation is needed to confirm our data with a relatively long period of experiment and large number of animals. 
Characteristics of ruminal fermentation
Dietary treatments did not influence ruminal minimum and mean pH (Table 4) , and mean pH of at least 6.24 was maintained across the diets. Feeding HMC tended to increase (P ≤ 0.10) daily episodes toward pH < 5.8 and the resultant duration (h d −1 ) compared with feeding SFC, indicating that the rate of HMC fermentation may have been relatively faster than that of SFC. However, these results would have minimal effects on overall physiological conditions in the rumen, because diurnal fluctuation of the ruminal pH showed a very typical pattern, with the highest pH values observed just before morning feeding and the lowest pH values around 12 h after the feeding (Fig. 1) , which is very similar to the patterns from cows fed 20% or 40% HMC reported by Vagnoni and Broderick (1997) and Eun et al. (2014) . Although there were some daily episodes of pH < 5.8, the ruminal pH averaged on an hourly basis was maintained above 6.0 in this study except the HMC + SRU at 12 h. Therefore, some effects of statistical tendencies due to feeding HMC would have biologically minor consequences on microbial physiology. Although fermentation acids or proteolysis degrade prolamin-zein proteins during the ensiling process of HMC and lead to greater and more rapid ruminal starch fermentation in HMC (Hoffman et al. 2011) , its effects on ruminal pH would not be detrimental when cows are fed with HMC in an appropriate forage proportion in diets . The lack of effect of supplementing SRU on ruminal pH is consistent with the finding by Tikofsky and Harrison (2006) when SRU was supplemented in high-forage diets consisting of 25% corn silage and 25% alfalfa hay (DM basis) under rumen simulating fermentors. Type of CG in the diet did not affect total VFA concentration (Table 4) , but SRU supplementation decreased the total VFA concentration only under HMC diet, causing an interaction between CG and SRU likely due to the effect of SRU on DMI (Table 2) . Given the stable and consistent ruminal pH pattern across the diets, no effect of VFA due to feeding different CG was expected. In general, increasing ruminal fermentability of grain typically yields increased VFA concentration with a greater propionate proportion. Although HMC may have been fermented more quickly than SFC in the rumen, reduced DMI with feeding HMC may have moderated the potential effects of feeding HMC on ruminal VFA profiles in this study. Dietary treatments did not affect molar proportions of individual VFA and acetate-to-propionate ratio except molar proportion of butyrate which was decreased by feeding HMC or SRU. Xin et al. (2010) reported increased acetate proportion but decreased butyrate proportion due to SRU addition in a low-CP diet (13.1% DM) under continuous culture fermentation and raised a possibility of interconversion between acetate and butyrate in the rumen due to SRU. In this study, decreased butyrate proportion was not associated with any change on acetate proportion.
Concentration of ruminal NH 3 -N did not differ because of CG processing (Table 4) , but it tended to increase (P = 0.07) when SRU was supplemented in HMC diets, resulting in a tendency toward CG × SRU interaction. Ruminal NH 3 -N concentration is a result of balance between production (proteolysis) and assimilation (De Visser et al. 1997) , and thus any efforts to maximize N utilization in the rumen should involve an optimal balance between the two metabolic processes. Yet, it is believed that energy is the most limiting factor in microbial growth (Bach et al. 2005) , and consequently, it was expected that a potential increase of ruminal starch fermentation in HMC would decrease NH 3 -N concentration due to improved N use by ruminal microbes coupled with the accelerated HMC fermentation. We previously observed decreased NH 3 -N concentration by feeding HMC , and it could be attributed to increased utilization of ruminally degraded N and consequently increased microbial protein yield. Ruminal bacteria can utilize more NH 3 -N for microbial protein synthesis in the presence of readily available energy such as HMC (NRC 2001) . However, the increased NH 3 -N concentration due to SRU under HMC prevented the potential benefit of HMC on improvement of N utilization for microbial production in this study. It is unclear why SRU supplementation in HMC diet increased the ruminal NH 3 -N concentration, but it indicates evidence of potential asynchrony in ruminal fermentation between HMC and SRU in the diets tested. 44, 6.42, 6 .47, and 6.24 for SFC − SRU, SFC + SRU, HMC − SRU, and HMC + SRU, respectively. Effects of type of corn grain in the diet (SFC vs. HMC), supplementation of SRU (−SRU vs. +SRU), and interaction between corn grain and SRU were P = 0.44, P = 0.20, and P = 0.27, respectively.
The SRU product tested in this study is designed to release urea slowly, but its degradation rate has been shown to change depending on the type of diet. For example, Holder (2015) indicated that when SRU was fed to Holstein steers in high-forage diets, the in situ rate and extent of ruminal degradation of SRU was increased compared with a high-concentrate diet. Thus, SRU would have been more beneficial in diets containing a greater dietary concentrate proportion. Yet, in addition to dietary as well as ruminal fermentative conditions, intrinsic and extrinsic factors such as bacterial use of reserve polysaccharides and urea recycling may play a role against synchronizing ruminal availability of protein and energy (Hall and Huntington 2008) .
Conclusions
The HMC fed at 14.3% DM allowed cows to partition more net energy into BW gain, while increasing NE l values, which contributed to improving dairy efficiency (milk yield DMI −1 ). We could not explain why the cows tested in this study shifted net energy more into BW gain by feeding HMC. However, given the fact that excessive mobilization of tissue energy can lead to various health problems during early lactation, such as ketosis and poor reproductive performance, it would be valuable whether use of HMC would have resulted in reduced tissue energy mobilization by cows while maintaining their potential milk production during transition period. Supplementation of SRU in HMC diets successfully replaced 56% of soybean meal and canola meal mixture without any negative impact on lactational performance. Overall, the SRU supplementation did not contribute to improving synchronous ruminal fermentation mainly due to impacts on DMI by HMC as well as SRU. In addition, a relatively great proportion of forages in our diets (60% DM) may have diluted a potential effect of SRU in ruminal fermentation. Collectively, these results demonstrate that feeding HMC with SRU can be a practical option in highforage lactation diets to maintain or improve nutrient and energy utilization efficiency.
